in regulating rhizosphere pH (Ahn et al. 2002) . However, most previous studies used NH 4 + -N, NO 3 --N, or combination of the two as nitrogen source in the growth medium to study the relationship between PM H + -ATPase and rhizosphere pH. Yet, the N source provided in the growth medium has a significant impact on rhizosphere pH (Taylor 1991) . The uptake of NO 3 --N leads to an alkalinization of rhizosphere, whereas NH 4 + -N can cause rhizosphere acidification (Galvez et al. 1991) .
To exclude the effects of N sources on rhizosphere pH, N-free culture solution was applied in this research to investigate the effects of PM H + -ATPase on rhizosphere pH. The aim of this research was to elucidate the relationship between pH changing capacity in the rhizosphere and the Al tolerance of two wheat cultivars.
MATERIALS AND METHODS
Plant materials and growth conditions. Seeds of wheat (Triticum aestivum L.) lines ET8 (Al-tolerant) and ES8 (Al-sensitive) were surface-sterilized by immersion in 1% (v/v) sodium hypochlorite for 15 min, rinsed several times with deionized water, and then soaked for about 12 h before germination on a layer of moistened filter-paper at 25°C for 24 h in darkness. The germinated seeds were transferred onto a net made of cotton floating on 0.5 mmol CaCl 2 (pH 4.5) in a 2 L plastic container. All experiments were done in an environmentally controlled growth room with a 24 h cycle of 14 h at 25°C in light/10 h at 22°C in darkness, a photon flux density of 150 µmol photon/m 2 /s, and a relative air humidity of 70%. After 4 days, seedlings of uniform length were selected for experiments. Prior to each experiment, the roots were rinsed by soaking in 0.5 mmol CaCl 2 solution pH 4.5 over night.
All treatments in this study contained 0.5 mmol CaCl 2 as background electrolyte, which was also used as the control (CK) treatment. Before treatment, all treatment solutions were adjusted to pH 4.5 with 0.1 mol/L HCl after other chemicals were added.
Aluminum treatment. In dose-response experiments, culture solutions were 200 ml 0.5 mmol CaCl 2 (pH 4.5), which contained 0, 25, 50 and 100 µmol AlCl 3 , respectively. Culture solutions pH without (non-planted control)/with wheat seedlings were determined after 24 h treatment. Length of primary root was measured with a ruler before and after Al treatment. After 24 h Al treatment, roots were briefly rinsed with deionised water, and then root apexes (0-10 mm) were excised with a razor for the determination of Al content or PM H + -ATPase activity. In time-course experiments, seedlings were exposed to 200 ml 0.5 mmol CaCl 2 (pH 4.5) with 0 or 50 µmol AlCl 3 for 3, 6, 9 and 12 h. In this experiment, solutions containing 0.5 mmol CaCl 2 (pH 4.5) without seedlings (nonplanted control) were carried out simultaneously. Na 2 WO 4 treatment. Seedlings were exposed to 200 ml 0.5 mmol CaCl 2 (pH 4.5) with 0, 50 µmol AlCl 3 , or 100 µmol Na 2 WO 4 for 24 h. DCCD (dicylcohexylcarbodiimide) treatment. Seedlings were exposed to 200 ml 0.5 mmol CaCl 2 (pH 4.5) with 0, 50 µmol AlCl 3 , or 25 µmol DCCD for 24 h.
Determination of relative root elongation, rhizosphere pH and Al accumulation. Root elongation was estimated in 10 replicates, and Al tolerance was expressed as relative root elongation (RRE) [(root elongation with Al treatment)/ (root elongation without Al treatment) × 100]. Rhizosphere pH was determined using a pH Meter Shanghai, China) . Al contents in root apexes (0-10 mm) were determined by the method of Osawa and Matsumoto (2001) . The excised root apexes were placed in a microcentrifuge tube (1.5 mL) containing 1.0 mL of 2 mol/L HCl. The tubes were mixed with an orbital shaker at 10 rpm for 24 h to release Al from the root apexes. The Al concentration in the HCl solution after dilution was determined by graphite furnace atomic absorption spectrophotometry (GFAAS Varian GTA 120, Mulgrave, Australia).
Preparation and determination of H + -ATPase activity. PM vesicles were prepared at 4°C by the method of Palmgren et al. (1990) . PM H + -ATPase activity was measured by the method of Johansson et al. (1995) . The liberated P i was measured with a spectrophotometer (Hitachi, U-1800, Tokyo, Japan) at 720 nm. Membrane protein contents were determined by the protein-dye binding method of Bradford (1976) , using bovine serum albumin as the standard. PM H + -ATPase activity was expressed as relative PM H + -ATPase activity [(PM H + -ATPase activity with Al treatment)/(PM H + -ATPase activity without Al treatment) × 100].
Statistical analysis. All experiments were run in three replicates. Data were pooled and subjected to one-way analysis of variance (ANOVA) followed by Tukey-Kramer test. P ≤ 0.05 was set as the level of statistical significance. DPS v7.05 and OrigenPro7.5 software were used for computation, data analysis and graphic. Zhao et al. (2003) studied 21 barley varieties, and confirmed that Al accumulated in the root apex, inhibited root elongation, and the correlation between root apex Al content and RRE was significant. In the present study, the RRE of ET8 and ES8 was decreased with increasing concentrations of AlCl 3 (25, 50 and 100 µmol, 24 h), and Al content in root apex (0-10 mm) was increased with the AlCl 3 concentrations (Figure 1) . A highly significant (R 2 = 0.9079**) correlation between all the data of relative root elongation and Al content was obtained (Figure 2) , revealing that the accumulation of Al in root apex inhibited root elongation.
RESULTS AND DISCUSSION
Higher RRE and lower root apex Al content in the Al-tolerant as compared to the Al-sensitive line strongly suggests differential Al tolerance.
Rhizosphere pH determines the chemical speciation of Al. Stass et al. (2006) found that Al mainly existed as biologically toxic Al 3+ at rhizosphere pH < 4.3. Contents of active Al 3+ were decreased when the rhizosphere pH was increased from 4.0 to 5.0 (Zhu et al. 2005 ). In our dose-response experiments, pH of solutions without seedlings (non-planted control) was increased slightly. There were no differences among the solutions containing different concentrations Al (Table 1) . It showed that Al 3+ could not affect the pH of non-planted solution. The observed increases in rhizosphere pH compared to the control were significantly less pronounced at higher AlCl 3 concentrations ( Figure 3A) . In time-course experiments ( Figure 3B ), solutions pH of non-planted control was slightly increased by 0.06 pH units after 12 h. In the presence of seedlings, the pH increased in a time-dependent manner. After 12 h, the pH values of the Al-free control treatment of ET8 and ES8 (4.84 and 4.73) were significantly higher than that of the AlCl 3 treatment (4.71 and 4.66). Results above indicated that wheat could elevate rhizosphere pH under low pH, but Al could affect the elevation of rhizosphere pH by acting on wheat, 
and ET8 could maintain relatively higher rhizosphere pH than that of ES8 under same treatment. Highly significant correlation among all the data of rhizosphere pH and Al content in root apexes (R 2 = 0.8996**, Figure 3B ), or RRE (R 2 = 0.9662**, Figure 3D ) were obtained, indicating that rhizosphere pH plays an important role in regulating the accumulation of Al in the root apex and root elongation. Compared with ES8, the higher rhizosphere pH of ET8 reflected the higher Al resistance. Foy et al. (1982) reported that NO 3 --N could alleviate the toxicity effects of Al to plants. This can be due to OH -ions produced and secreted into rhizosphere during NO 3 --N metabolism process catalyzed by nitrate reductase (Taylor and Foy 1985) . However, nitrate reductase is induced by N0 3 --N. There was no NO 3 --N in culture solution in present study, the activity of nitrate reductase (data not shown) or rhizosphere pH (Figure 4) was affected neither by Al nor by nitrate reductase inhibitor Na 2 WO 4 treatments. These results indicated that nitrate reductase did not participate in the regulation of rhizosphere pH in the present study. It is likely that other mechanisms promoted the observed increases of rhizosphere pH.
PM H + -ATPase is known to regulate the charge balance and H + movement at plasma membrane surfaces. It is of great significance for plant survival under a variety of external stresses (Cui et al. 2010) . Bose et al. (2010) found that Arabidopsis thaliana could increase rhizosphere pH by uptake of rhizosphere H + under low-pH stress (pH = 4.2), but this process could be abolished by Al exposure. In the present study we show that Al treatments markedly diminished the increase of rhizosphere pH of both cultivars, especially 
the more Al-sensitive line ( Figure 3A and C).
The PM H + -ATPase activity can be inhibited by the specific inhibitor DCCD (Kisnierienë and Sakalauskas 2007) . In this research, DCCD was used to identify the function of PM H + -ATPase in regulating rhizosphere pH. Figure 5 shows that the amplitude of pH increases in the rhizospheres of ET8 and ES8 was smaller in the presence of 25 µmol DCCD. Compared with the control treatment, the rhizosphere pH of ET8 and ES8 were 0.06 and 0.08 pH unit lower, respectively, providing strong evidence that PM H + -ATPase participated in regulating rhizosphere pH. In addition, we analyzed the changes of PM H + -ATPase activity after Al treatment. The PM H + -ATPase activities were inhibited by the treatments of AlCl 3 ( Figure 6 ). As the Al concentrations in the root apex increased, the relative activities of PM H + -ATPase of ET8 and ES8 decreased from 95.9% to 60.0%. The PM H + -ATPase activity of ES8 was significantly lower than that of ET8 under the same treatment. The present observations indicate that the relatively higher PM H + -ATPase activity in the Al-tolerant line reflected less destruction of PM function, associated with higher rhizosphere pH of the Altolerant line. In good agreement with our hypothesis, we obtained positive correlations among all the data of relative PM H + -ATPase activity and rhizosphere pH (R 2 = 0.9106**), Al content in root apex (R 2 = 0.9079**), or relative root elongation (R 2 = 0.8820**) ( 
